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Abstract 
In this work UHS structural and abrasion resistant (AR) steels were heat treated with a single 4 kW Yb: YAG –laser beam. Aim of 
the softening heat treatments was to enhance the formability locally with minimized strength lose. 1.8 mm thick B24CR boron steel 
was used for hardening tests. Study presents the possibilities and limitations in laser processing showing that a single laser beam 
is suitable for heat treating of sheets through the whole cross-section up to the thickness of 6 mm. In the case of the 6 mm thick 
sheets, the achieved maximum temperature in the cross-section varies as a function of the depth. Consequently, the microstructure 
and mechanical properties differ between the surfaces and the center of the cross-section (layered microstructure). For better 
understanding, all layers were tested in tensile tests. The 10 mm thick sheet was heat treated separately on the both surfaces by 
heating to a lower temperature range to produce a shallow tempered layer. The tensile and bendability tests as well as hardness 
measurements indicated that laser heat treatment can be used to highly improve the bendability locally without significant strength 
losses. Laser process has been optimized by transverse scanning movement and with a simple FE-model. 
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1. Introduction 
The development of technology creates the necessity for producing steels combining high static and dynamic 
strength, toughness and ductile properties. Steel manufacturers are competing of product properties and manufacturing 
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costs where the future trend is to achieve higher strength without losing the formability or increasing the production 
costs. However, there are numerous of UHS steel grades having limited formability. To overcome forming limitations, 
new innovative forming operations have to be developed, where the formability is improved in locations where 
straining occurs. 
Local laser heat treatment (LLHT) is an alternative method for enhanced usability of UHS-steels. Suitability of the 
process to improve the formability and strength has been shown in previous studies by Mäntyjärvi et al. (2009) and 
Järvenpää et al. (2011, 2012 and 2013). Large amounts of research have been made on the effect of high heating rate 
to mechanical and microstructural properties to carbon steels. Main concentration has been on the prior austenite grain 
size, which affects to the final microstructure, and thus to mechanical properties. For example, impact toughness 
benefits from fine grain size. Muljono et. al. (2001) studied the effects of heating rates to recrystallization kinetics of 
low-carbon steels. It was seen, that increasing the heating rate increases the austenite nucleation temperature and the 
temperature for complete recrystallization. This means, that there isn’t much time for grain growth and thus the smaller 
final grain size. Lesch et. al. (2007) studied the effect of heating rate (0–100 °C/s) and temperature to five different 
low-carbon steels. The finest grain size was achieved with small holding time (1 s) and temperature just 10°C above 
the Ar3–temperature. Longer holding times and higher temperatures increased the grain growth and formation of non-
uniaxial phases, such as acicular ferrite, martensite and bainite. To prevent this, the heating was interrupted just above 
the Ar3–temperature, and the holding time was kept under 20 s. Yamada et. al. (2010) studied the decrement of prior 
austenite grain size by optimization of alloying and heating parameters. Results supported previous researches, which 
indicated that finest grain size was achieved by using high heating rate (up to 400 °C/s), keeping the heating 
temperature just above the Ar3–temperature, and minimizing the holding time (1 s). It is possible to reach very high 
heating rates (up to 1000 °C/s) with short holding (self-cooling) using laser as a heat source. Method allows to tailor 
mechanical properties locally, e.g. to produce softened or hardened ultrafine grained (UFG) areas for subsequent 
forming. 
Heat distribution in LLHT process is complex due to the character of the heat source. Laser radiation is absorbed 
on the surface of the sheet, causing temperature gradient through the cross-section and leading to nonhomogenous 
mechanical properties as shown by Järvenpää et al. (2011). Temperature and heat distribution is adjusted by laser 
power, focal length and movement parameters. No external cooling is needed due to self-cooling of thicker materials. 
This study presents the suitability of the LLHT process for tailoring ferritic steel grades. 
 
Nomenclature 
t sheet thickness  
YS  yield strength 
TS tensile strength 
UE uniform elongation 
TE total elongation 
R/t ratio between minimum bending radius and the sheet thickness = bendability 
P laser power [kW] 
S linear laser feed speed [mm/s] 
SS laser spot size [mm] 
A transverse scanning amplitude in laser processing [mm] 
LLHT local laser heat treatment  
2. Experimental Methods 
2.1. Test materials 
Four different steel grades were used for heat treatment studies: B24CR boron steel (t = 1.8 mm), DQ960 structural 
steel (t = 4 mm), WR500-1 (t = 6 mm) and WR500-2 (t = 10 mm). Nominal chemical compositions and guaranteed 
mechanical properties are shown in Table 1. 
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Table 1. Nominal chemical compositions (wt%) and mechanical properties of the test materials. 
 Chemical composition Mechanical properties 
 C Si Mn Cr YS [MPa] TS [MPa] TE [%] R/t 
B24CR 0.24 0.25 1.2 0.3 1000 1500 7 - 
DQ960 0.11 0.25 1.2 - 960 1000 7 3.5 
WR500-1 0.3 0.7 1.7 1.5 1250 1600 8 10 
WR500-2 0.3 0.8 1.7 1.0 1250 1600 8 10 
2.2. Local laser heat treatments 
In the present study, a 4.0 kW diode pumped Yb:YAG disk laser (TRUMPF HLD 4002) with a welding head 
(Precitec YW50, focal length 300 mm) was used for local laser heat treatments. Heat treatments were carried out only 
through the top surface using a single laser source. Temperature of the heated material was measured using a Flir 
SC7600 Thermographic Camera with NA 3.99 Band pass filter and 8 thermocouples (100 Hz) together with LabVIEW 
8.6 software. Thermocouples were placed only on the bottom surface of the test specimens due to destructive effect 
of the laser beam on the upper surface. Thermographic camera was used to determine the temperature distribution 
between the upper and bottom surfaces. The surface emissivity value was set as 1 (black surface), in which case the 
readings of the thermographic camera and thermocouples were equal.  
In the laser process, heat transfer can be controlled by different parameters. In the experiments, the laser beam was 
moved by a linear path, together with transverse scanning movement. The spot size (20 mm) and the power (4 kW) 
were constant similarly as the scanning parameters (the amplitude of 16 mm and the frequency of 2 Hz), excluding 
hardening tests were more complex parameter tuning was made for B24CR together with additional water cooling. In 
this work, two temperature ranges were targeted, approximately 900 °C to obtain complete transformation of the 
microstructure to austenite, and approximately 600 °C for effective tempering of the martensitic structure. The 
maximum temperature was varied using different movement speeds (the linear speed between 2.7 – 50 mm/s). 
2.3. Mechanical testing and metallography 
Tensile testing and bendability. Laser softened specimens were tested in bending and tensile tests to determine the 
effect on formability and softening. Bending tests were carried out using a press brake machine and 300 x 300 mm 
sized specimens. Samples were bent on both sides until 90 degree final angle. Bendability is determined as the ratio 
between minimum bending radius and sheet thickness (R/t). 
Hardness. Hardness profiles were measured using Struers Duramin A300 hardness tester (with the Vickers 
indenter) for each LLH-treated specimen to determine the differences in mechanical properties between the surfaces 
and the base material. 
Metallography. A conventional optical microscopy was used to determine the basic microstructures and the grain 
sizes on the surfaces of the specimens. The most interesting specimens were examined also using a scanning electron 
microscope (Carl Zeiss Ultra plus) with an electron backscatter diffraction unit (SEM-EBSD) and a light microscope. 
3. Results 
3.1.  Temperature measurements - Local laser hardening (1.8 mm thick B24CR) 
 Hardening tests were carried using two processing routes: 1) laser annealing 
without cooling and 2) laser annealing using water cooling tank (Fig. 1). Typically 
austenizing is carried out at 880 – 950 °C using oil or water cooling. Thermal 
analysis showed that it is relatively easy to reach desired temperatures using a 
single laser beam for annealing 1.8 mm thick steel. Clear difference in cooling rate 
 
Fig. 1. Water cooling tank. 
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was observed between processing routes. Cooling rate calculated from the upper surface was only 9 °C/s without the 
cooling tank and 81 °C/s with the tank as the Fig. 2 demonstrate.  
 
 
Fig. 2. Temperature profiles during local laser hardening process. a) by using the cooling tank and b) without 
the cooling tank. 
3.2. Temperature measurements - Local laser softening (4 mm DQ960, 6 mm WR500-1 and 10 mm WR500-2) 
Local softening studies were carried out for relatively thick sheets (4-10 mm). Thickness causes challenges in laser 
processing, because of the nature of the laser process. Single laser beam heats up the top surface of the sheet and the 
heat is then conducted through the thickness. This causes a temperature gradient between the surfaces (Fig. 3, Table 
2) producing layered microstructure. Temperature gradient measured was in the range of 100 - 200 °C with 4 mm 
thick DQ960, but the gradient increased strongly with 6 mm thick sheet, being in the range of 300 - 400 °C. 
Austenizing proved to be impossible for the 10 mm thick sheet due to very high temperature gradient. An alternative 
route called as surface tempering was developed for the thickest test material. In this case, the surfaces were heated 
up to 600 °C so that the temperature on the bottom surface remained at around 200 °C as can be seen in Fig. 4. Heating 
rate and cooling rates on the upper surface were very similar between 4 and 6 mm thick sheets, but on the bottom 
surface, 6 mm thick sheets showed approximately 30% lower heating rates and 15% lower cooling rates. 
 
   
Fig. 3. Temperature distribution in laser processing (WR500-1: P = 4 kW, S 
= 2.7 mm/s, SS = 20 mm and A = 16 mm). 
Fig. 4. Temperature profile in surface tempering (WR500-
2: P = 4 kW, S = 10 mm/s, SS = 20 mm and A = 16 mm). 
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Table 2. Temperature measurement results for DQ960 (4 mm) and WR500-1 (6 mm). TC = thermocouples, TIC = thermal imaging 
correlation, Max1 = valley of the sinus curve and Max2 = peak of the sinus curve on the upper surface. 
Thickness 
[mm] 
Peak temperature [°C] Heating rate [°C/s] Cooling rate [°C/s] 
Bottom surface Upper surface Bottom 
surface 
Upper 
surface 
Bottom 
surface 
Upper 
surface 
TC TIC Max1 Max2 TC TIC TC TIC 
4 904 891 922 1043 93 150 9.5 13 
4 822 863 937 1014 98 161 10.2 13.8 
4 769 842 919 1019 101 159 11.1 13.9 
4 739 811 901 1018 100 168 10.7 15.3 
4 762 768 971 1103 57 156 7.1 13 
6 701 774 1033 1160 57 185 7.6 16.2 
6 713 754 1014 1121 51 186 7.5 17.6 
6 697 742 948 1074 67 156.5 8.3 15.2 
6 682 730 914 1039 70 156 8.6 17.7 
6 679 721 910 1062 76 151 8.7 17.6 
3.3. Hardness and microstructure  - Local laser hardening (1.8 mm thick B24CR) 
The effect of accelerated cooling in laser hardening of relatively thick sheets can be seen in Figs. 5-8. It is clear 
from Figs. 5&6 that self-cooling capability of 1.8 mm thick sheet is insufficient on the bottom surface for martensite 
transformation. Martensite transformation was complete on the upper surface where the hardness in Run1 was 565 
HV5 and in Run2 428 HV5. The hardness on the bottom surface remained at around 160 HV5. The use of water tank 
for accelerated cooling showed significant difference in bottom surface properties. The difference (Figs. 7&8) in the 
top and bottom surface hardness is small (1.1-6.8%) and the profiles are similar. Run4 was carried out using a 
transverse scanning movement together with conventional linear movement. Scanning movement provides wider heat 
treated area (Run3 ~ 6mm Æ Run4 ~ 10 mm) and can be used to increase the penetration with thicker sheets. The 
obtained hardness (565 HV5) and microstructure were almost the same as in the oven-heated and water-quenched 
specimens, but laser hardened structures showed some areas having hardness over 600 HV5. The effect of high heating 
rate and short holding time on carbon diffusion in austenite region (ferrite morphologies), grain size and further on 
the hardness of the quenched structure is still unclear. Previous studies and literature examples indicate that the high 
heating rate and short holding time tends to favor grain refinement and carbon diffusion as shown by Ferry et al. 
(2001) and Lesch et al. (2007).  Grain refinement is an effective route for enhancing both the strength and toughness 
properties. Figs. 10-12 shows the microstructures in conventional and in laser hardened condition. It can be seen that 
the grain size in laser hardened condition is slightly finer than in water quenched counterpart. Future work will focus 
on the effect of unconventional carbon diffusion on phase morphologies. 
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Fig. 5. B24CR hardness profile without the water tank (Run1: P = 2.5 
kW, S = 50 mm/s and SS = 23.4 mm). 
Fig. 6. B24CR hardness profile without the water tank (Run2: P = 4 
kW, S = 30 mm/s and SS = 34 mm). 
 
Fig. 7. B24CR hardness profile with water tank (Run3: P = 4 kW, S 
= 10 mm/s and SS = 17.2 mm). 
Fig. 8. B24CR hardness profile with water tank (Run4: P = 4 kW, S 
= 15 mm/s, SS = 13.4 mm and A = 10 mm). 
 
Fig. 9. Microstructure and hardness (Run4). 
   
Fig. 10. Water quenched B24CR. Fig. 11. B24CR Run4 upper surface. Fig. 12. B24CR Run4 bottom surface. 
3.4. Mechanical behavior and microstructure - Local laser softening (4 mm thick DQ960) 
The aim of the heat treatment was to change the original bainitic-martensitic microstructure into an ultra-fine 
grained ferrite. Due to the low carbon content, tempering is not effective. A short thermal pulse was created by moving 
the laser beam with a linear speed of 4 mm/s (P = 4 kW, S = 4 mm/s, SS = 20 mm and A = 16 mm). The maximum 
temperature recorded on the upper surface was 1014°C, while the lowest temperature on the bottom surface was 
822°C. The Ac3 temperature, according to the equation of Andrews (1965) is 864°C, so that the temperature of the 
upper surface exceeds that clearly, and that of the bottom surface remains below it. As a consequence, in the upper 
surface, a slightly coarsened structure was formed (Fig. 13a), while a shallow (~0.2 mm) dual-phase layer was present 
in the bottom surface (Fig. 13b). In the middle of the cross-section, where the temperature barely reached the Ac3 
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temperature, the austenite grain size was fine and led to ferritic structure with an ultra-fine grain size (Fig. 13c) during 
the self-cooling. The cooling rate between 800 and 500°C was from 10°C/s to 15 °C/s (from bottom surface to upper 
surface, respectively). The grain size determined by SEM-EBSD for the ferritic structure outside the surface layers 
was 1.7 μm.  
 
 
Fig. 13. Local laser heat treated microstructure (DQ960 4 mm): a) coarse grain structure on the 
upper surface, b) dual-phase structure on the bottom surface and c) fined grained ferritic 
microstructure in the middle of the cross-section. 
3.5. Mechanical behavior and microstructure - Local laser softening (6 mm thick WR500-1) 
WR500-1 was heat-treated with a linear speed of 2.7 mm/s (P = 4 kW, S = 2.7 mm/s, SS = 20 mm and A = 16 mm). 
Temperature histories on the surfaces are shown in Fig. 3, indicating that the maximum temperature at the upper 
surface reached the austenite regime (Ac3 = 820°C) at about 1100°C for 1-2 seconds, while the temperature at the 
bottom surface increased more slowly reaching 780°C within 12 seconds. It cannot be avoided that higher thickness 
increases temperature difference (max. 400°C) and consequently microstructural variation across the cross-section, as 
revealed by hardness distributions in Fig. 14. As a consequence of more non-uniform structure, more detailed tests 
were carried out. In addition to tensile test specimens covering the whole sheet thickness, different layers were tested 
separately. Thin specimens were machined so that the upper and bottom layer specimens were 2 mm thick and the 
center specimen 4 mm thick. An ultra-fine grained bainitic layer (Fig. 14) formed in the middle of the sheet, having 
the yield strength of 973 MPa and tensile strength of 1562 MPa (hardness over 500HV). Microstructure of the upper 
surface consisted of lath martensite due to some growth of austenite grains during heating, and tensile strength dropped 
slightly below 1400 MPa (hardness below 500HV). Compared to the properties of the middle layer, the total 
elongation decreased from 9.5% to 5.7%. The bottom surface had dual-phase structure, containing mainly ferrite that 
led to a clearly lower yield and tensile strengths (YS = 771 MPa, TS = 1265 MPa), but it provided the best ductility 
with the uniform elongation of 8% and total elongation of 11%. The width of the heat-affected zone (HAZ) increased 
in comparison to the 4 mm thick sheet from 40 mm to 80 mm.  
 
 
Fig. 14. Mechanical properties of laser softened WR500-1 (P = 4 kW, S = 2.7 mm/s, SS = 20 mm and A = 16 mm). 
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3.6. Mechanical behavior and microstructure - Local laser softening by surface tempering (10 mm thick WR500-2) 
A different approach was chosen for the thickest test 
material, viz. the laser treatment was carried on both surfaces 
separately. The target temperature was decreased to 600 °C 
aimed at tempering of the martensitic structure and the desired 
depth of the HAZ was 1 mm and the width 20-40 mm (Fig. 15). 
These requirements were achieved using the linear speed of 10 
mm/s. In the treatment, the surface hardness dropped from 
530HV5 to 340HV5 within the tempered zone. The average 
hardness of the heat-treated cross-section was 507HV5, 
whereas the demand for this grade is 480-610HV (450-530HB).  
3.7. Comparison between mechanical properties before and 
after local laser heat treatment 
Table 3 shows the mechanical properties of the laser softened test materials in delivered conditions as well as in 
laser heat treated conditions. The aim of the softening tests was to enhance the bendability with minimum strength 
loss. Bendability is described as the ratio between minimum bending radius and the sheet thickness (R/t). The change 
in R/t-ratio was -93%, -83% and -47% for DQ960, WR500-1 and WR500-2, respectively. The lost in tensile strength 
was -26%, -15% and -8%, respectively.  
LLH-treated DQ960 showed very fine grain size. This ultra-fine grain size provided reasonable mechanical 
properties, even though the yield strength does not fulfill the requirement of 960 MPa. Bending and tensile test results 
after the treatment are compared with the corresponding values of the base material in Table 3. Bendability after LLHT 
was superior, specimens did not fracture even after 180° degree bending angle using the smallest punch tool (R = 1 
mm). Structure has a great strain hardening properties that can be seen as high surface hardening during bending. 
Hardness on the outer edge of the bend is similar than the hardness of the base material. As further advantages, the 
required bending force decreased 44% and the reduction in springback was 3-4°. 
The decrease in tensile strength was smaller with WR500-1 than with DQ960. Overall, the strength level is high 
and particularly the bendability is excellent, as shown in Table 2. Layered microstructure did not impair the 
bendability. Furthermore, the required bending force decreased 32% and the reduction in springback was 3.5°. 
Only the surfaces of the 10 mm thick WR500-2 were softened by local tempering. Surface processing does not 
have a strong effect on the tensile properties as can be seen in Table 3. The lost in both yield and tensile strength was 
only 8% even though the R/t-ratio was only half of the base materials one. Tempering decreased the n-value of the 
structure, but in this case the n-value does not correlate with bendability as it does with austenized structures. 
 
Table 3. Mechanical properties before and after the local laser heat treatment (LLHT). BM = base material. 
 DQ960 WR500-1 WR500-2 
 BM LLHT Change [%] BM LLHT Change [%] BM LLHT Change [%] 
HV1 350 270 -23 560 424 -24 1339 1229 -8 
Rp0.2 [MPa] 1053 568 -46 1352 1022 -24 1703 1573 -8 
Rm [MPa] 1142 846 -26 1676 1428 -15 4,2 4,2 0 
Agt [%] 2.4 7.7 221 3.5 5.2 49 12.7 13.2 4 
Rp0.2*A50 8213 8577 4 14331 12060 -16 17005 16223 -5 
R / t 3.5 0.25 -93 10 1.7 83% 3 1,6 -47 
n-value 0.043 0.115 168 0.066 0.085 29 0.066 0.056 -15 
4. Conclusions 
Local laser heat treatment (LLHT) is well suitable for heat treating steel sheets in the thickness range of 2 – 10 
mm. For the laser hardening, additional cooling is required due to limited self-cooling capability. In this study, a 
simple water tank was successfully used together with laser heating. Interestingly, high local hardness’s were 
 
Fig. 15. Hardness profile near the surface after surface 
tempering (WR500-2: P = 4 kW, S = 10 mm/s, SS = 20 mm 
and A = 16 mm). 
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measured from the laser hardened specimens. Hardness after conventional heating and water quenching was around 
580 HV, but over 600 HV was measured locally from some areas of LLH-treated specimens. Future work will focus 
on the differences in properties and microstructure between conventional and laser/induction hardening. 
Softening studies showed that laser heating can be successfully utilized for softening steel sheets up to sheet 
thickness of 6 mm. Both the 4 and 6 mm thick test materials showed promising mechanical properties and the process 
is repeatable. The improvement in bendability was significant and the strength loss was compensated well by enhanced 
strain hardening properties during bending. Limits of laser austenizing were reached with 10 mm thick test material, 
where the microstructure in the cross-section was strongly layered. The developed surface tempering processing was 
successful. Bendability was significantly enhanced and the softening rate was only 8%. LLH-treatment is well studied 
and demonstrated, but commercial applications are challenging to come across. Future work on softening will focus 
on commercializing and to develop new processing technologies, e.g. local induction heating. 
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